Dark currents, including those in the surface and bulk, are the leading source of electronic noise in X-ray and gamma detectors, and are responsible for degrading a detector's energy resolution. The detector material itself determines the bulk leakage current; however, the surface leakage current is controllable by depositing appropriate passivation layers. In previous research, we demonstrated the effectiveness of surface passivation in CZT (CdZnTe) and CMT (CdMnTe) materials using ammonium sulfide and ammonium fluoride. In this research, we measured the effect of such passivation on the surface states of these materials, and on the performances of detectors made from them.
INTRODUCTION
Passivation technology is a very important approach for improving the efficiency of gamma-ray detectors. Chemically etching CZT crystals with Br-MeOH (bromine methanol) leaves a Te-rich surface due to the differential etching rate of the bulk material. These Te-rich layers are highly conductive compared to the bulk and thus, surface leakage current increases. Most surface-passivation processes focus on removing such conductive layers, and returning the electrically active surface-state to a neutral one. The criteria for successful passivation for semiconductor devices fall into two categories: The semiconductor/passivant interface properties, such as interface potential, density of interface traps, and surface recombination velocity; and, the bulk characteristics of the passivant itself, such as insulation, dielectric properties, adhesion, stability, deposition technology, and radiation hardening. Our previous research demonstrated the efficacy of sulfide passivation on CMT (CdMnTe) and CZT (CdZnTe) crystals [1, 2] . Passivation with aqueous sulfide solutions encompasses both chemical-and electronic-processes. This highly alkaline medium removes the oxide layer from the Cd(Zn,Mn)Te surface, and forms a thin (practically mono-atomic) sulfide coating on it. [3, 4] This procedure noticeably decreases the surface recombination and its velocity, along with lowering the density of the surface-state, thus bettering the device's performance. In this research, we measured the efficiency of sulfide passivation on the performance of detectors made from these materials, and identified the changes in their surface states.
EXPERIMENTS
The CZT:In (Zn=10%) and CMT:In (Mn=5%) crystals used in this experiment were grown by the vertical Bridgman method at BNL (Fig. 1) . We prepared twelve CZT and CMT samples of two different sizes; one is 5×5×2 mm 2 , and the other is 5×5×9 mm 3 . In determining the selected samples, we excluded those containing extended defects, such as subgrain-or grain-boundaries. Fig. 2 shows typical X-ray diffraction topographic images of CZT-and CMT-samples. This technique frequently is used to visualize growth-and process-induced defects, such as dislocations, twins, domains, and inclusions. [5] *khkim@bnl.gov; phone 1 631 344-4168 Ammonium-sulfide solution is a highly alkaline medium of pH > 11; the hydroxides and peroxides of Te on the detector's surface dissolve completely in it. [3] The dissolution of ammonium sulfide gives rise to protolytic reactions of the type [4] In an aqueous solution of (NH 4 ) 2 S, the fraction of H 2 S in the total sulfide content is relatively small, and therefore, the following reaction is dominant. The solvent does not participate in this reaction. Further, since ions are not involved in this reaction, electrostatic interactions should not affect it noticeably. Tellurium sulfide (TeS) and manganese sulfide (MnS) are moderately soluble in water and acid.
We employed a standard eV Microelectronics preamplifier to read the 241 Am gamma-ray signals, which were further shaped and amplified with a standard research amplifier, while keeping the temperature around 20 o C. The 241 Am source was not collimated, and the shaping time was set at 6 μsec for complete charge collection. In addition, the change of surface states was observed by PL (photoluminescence) measurements at 4.2 K.
RESULTS AND DISCUSSION
We measured the gamma-response of twelve detectors before and after sulfide passivation: There were three 2-mmthick and three 9-mm-thick CZT detectors, and three 2-mm-thick and three 9-mm-thick CMT detectors. Fig. 3 plots the 241 Am gamma-ray response taken for the 2-mm-thick CZT and CMT detectors. Both detectors clearly reveal a 59.6-keV peak and another escape peak. The FWHM (Full width at half maximum) of the 59.6-keV peak was improved, and the peak channel numbers rose in both types of detectors after passivation. We cannot observe deterioration in the gamma-response with time in both CZT and CMT detectors. Fig. 4 shows a typical plot of the peak channel number of the 59.6-keV peak vs. bias voltage for a 2-mm CZT, and a 9-mm CMT detector. For 2-mm thick detectors of both types, the peak channel number at 59.6 keV shifted to a higher number at the same bias voltage, although the increase was small, as seen in Fig. 4 (a) . The shift of peak channel number to a higher one indicates an enhancement of electron charge collection. Fitting the experimental data with the Hecht equation yields the mobility-lifetime product, one of most important parameters used in judging a detector's properties. The apparent mobility-lifetime product of the 2-mm thick CZT detector improved from 1.1 × 10 -3 V/s to 1.4 ×10 -3 V/s after passivation. However, a notable difference was observed for 9-mm thick CZT and CMT detectors, as is evident in Fig 4(b) . Also, the mobility-lifetime product was remarkably enhanced from 4.8 ×10 -4 V/s to 1.0×10 -3 V/s in CMT detectors. A common feature of both the 2-mm and 9-mm thick CZT-and CMT-detectors is that the gap between the peak channel number before and after passivation at same bias voltage declines as the electric field (bias voltage) increases. Passivation is known to improve energy resolution by reducing the dark current and 1/f noise. However, the change in channel number indicates an alteration in the electrons' drift-time from cathode to anode reflecting the change of the effective electric field. The distribution of the electric field is determined by the boundary conditions, i.e., by the dispersion of electrostatic potential on the device's side surface that, in turn, is set by surface conductivity. If the surface potential decrease between the cathode and the anode is faster than the potential along the device's axis, then a "defocusing field" is generated inside of the device, thereby diminishing the detector's performance. In the opposite case, a "focusing" drift-field forming within the device steers the electrons toward the anode. [6] After passivation, the apparent mobility-lifetime product rose in all twelve detectors tested. Fig. 5 plots the PL spectra showing the change of space-charge accumulated on the surface of a 9-mm-thick CMT sample. We ascribe the low-energy broad band around 1.49 eV to the A-center formed consequent upon indium doping and the large concentration of cadmium vacancies, that is (V Cd -In Cd )
-. This band was evident in all compensated CZT and CMT materials. Comparing the A-center intensities before and after passivation, we note the reduction in the densities of defects. Also, in XPS (X-ray photoelectron spectroscopy) measurements, such changes of surface states, especially for Te, were observed before and after sulfide passivation in both CZT [6] and CMT [1] . Figure 5 . PL spectrum of 9-mm-thick CdMnTe crystal before and after passivation with ammonium sulfide. The intensity of acceptor bound exciton (A o X) peak located at 1.635 eV was normalized to compare the changes in the Acenter peak.
Our finding of the formation of positive space-charge in CZT detectors was consistent with analyses of I-V curves measured for 2-mm thin planar detectors with a small geometrical-aspect ratio (thickness-to-width ratio). We estimated the concentrations of the positive ions as ~10 10 cm -3 , while that of the free carriers in high-resistivity material is only ~10 5 cm -3 . For example, at such space-charge densities, the expected reduction of the electric field is 15% in a 2-mm thick detector biased at 200 V. In CZT and CMT detectors with large aspect ratio > 1, it is very likely that the variations of the electric field may not be described by a simple linear function because of the possibility of the non-uniform accumulation of space charge [7] . A large-volume detector, that is the 9-mm-thick detector, has much more side surfaces, so it might well be more affected by space charge than are thin detectors. These explanations might account for the larger variation of peak channel number in thick detectors than thin detectors, both CZT and CMT ones. In a strong enough electric field, most of the generated charge is collected, but in low electric fields, there is a greater chance that generated electrons become trapped or recombined with traps due to their longer drift-time. Therefore, the shift of the peak channel number is lesser in a high electric field. The ability to maintain a desired electric field inside CZT and CMT detectors is important for assuring their expected performance and functionalities. If the actual distribution of the field lines differs from the anticipated one based on the electrode's configuration, then the charges generated by incident particles might be driven towards the wrong electrodes, or become trapped near the side surfaces.
CONCLUSIONS
Passivation of CZT and CMT crystals with ammonium sulfide efficiently removes the oxide layer, and deposits an electronic mono-atomic sulfide coating on their surfaces. Sulfide passivation also results in a noticeable decrease of the leakage current and surface-state densities, thus improving the device's performance. For a large-volume detector, 9-mm-thick, passivation also aids in establishing a "focusing field" by removing the space-charge accumulated on the side surfaces.
